Abstract
Introduction

47
The connection between low birth weight and increased risk for adult disease is well recognized and 48 many studies have confirmed the phenomenon of developmental (or fetal) programming of adult 49 cardiovascular disease (1) (2) (3) 36) . Cardiovascular disease is closely related to changes in β-adrenoceptor
50
(βAR) signaling in the heart (26), but not much is known about how the βAR system is affected by 51 prenatal stress such as hypoxia. We previously showed that the response to vascular βAR is enhanced in 52 embryos incubated in chronic prenatal hypoxia and that chronic prenatal hypoxia decreases βAR 53 sensitivity to epinephrine stimulation in the 5 week postnatal chicken heart, without changes in receptor 54 density (18). This in vitro evidence indicates that prenatal hypoxia has a programming effect on βAR 55 signaling in the adult, but the molecular background of the decreased βAR sensitivity in the heart and the 56 in vivo implications of this loss of function are not known.
57
Classic βAR signaling starts with a conformational change of the receptor in response to 58 catecholamine stimulation. This enables intracellular association of stimulatory G-proteins to the receptor 59 that upon the interaction dissociates into an α-subunit (G αs ) and a βγ complex. The G αs subunit in turn 60 stimulates adenylyl cyclase (AC) to convert ATP to cAMP and cAMP act on kinases responsible for both 61 altering calcium flux in the cell (leading to increased Ca 2+ and subsequent contraction in cardiomyocytes)
62
and phosphorylation of the receptor itself, causing desensitization and eventually downregulation of the 63 receptor. Desensitization and downregulation is necessary in the normal heart to control the cardiac 64 response to catecholamine stimulation and protect the cell from overstimulation in case of catecholamine activated, has been demonstrated in heart failure (26) and there is strong evidence that β 2 ARs are able to 74 cross signal through G αi (11, 14, 34 ). An increase in both β 2 ARs and G αi could thereby increase the 75 probability of β 2 ARs signaling through G αi and further dampen the cardiac response to βAR stimulation.
76
The chicken is an excellent model for studying the effects of prenatal conditions on adult 77 cardiovascular function since the chicken embryo, in contrast to mammalian models, is free from any 78 confounding maternal effects.
79
Our aim with this study was to further investigate the molecular mechanisms behind the 80 previously observed decrease in βAR sensitivity in the heart of 5 week chickens exposed to prenatal 81 hypoxia and to evaluate if the βAR sensitivity decrease is reflected in the in vivo cardiac function. We
82
hypothesized that the β 1 AR/β 2 AR ratio would be decreased due to an increase in β 2 AR in prenatally
83
hypoxic animals, while the G αi expression would be increased, resembling the characteristic βAR changes
84
of a failing human heart. As a result of this, we also expected the cAMP concentration to be lower after
85
βAR stimulation and the in vivo cardiac response to βAR stimulation to be impaired in the prenatally 86 hypoxic hearts. Additionally, we studied cardiac function in prenatally hypoxic 5 week animals by 87 echocardiography to see if the decreased contractility and responsiveness to βAR stimulation in vitro has
88
any functional (i.e. programming) effects in the postnatal animal.
90
Materials and methods
92
Incubation and animal maintenance
93
All experiments were performed in accordance with the Swedish laws for animal experimentation.
94
Fertilized Ross 308 broiler eggs were obtained from a local hatchery (Lantmännen SweHatch, Väderstad
95
Sweden). The eggs were kept at 18ºC for no longer than 10 days before incubation. 
165
(LEO 5000 IU/ml, Apoteket, Sweden). After 10 min the chickens were euthanized by decapitation and the
166
intact heart was removed and weighed. All arteries except for the aorta were tied off with surgical silk to 167 ensure unidirectional flow of the perfusion buffer through the coronary vasculature. Pre-warmed calcium-
168
free Tyrode's buffer (38ºC; composition in mM: 140 NaCl, 5 KCl, 1 MgCl2, 10 Glucose, 10 HEPES, NaOH 169 to pH 7.35) was pumped through the perfusion needle into the coronary vasculature in a retrograde 170 manner using a peristaltic pump (Miniplus 3, Gilson, USA) adjusted to a pumping speed of 3.5 ml min -1 g -1
171
to wash out excess blood. When the perfusion buffer exiting the heart was clear of erythrocytes, the 
193
At the time of cAMP analysis, samples were thawed and centrifuged at 4ºC. The supernatant was
194
removed and kept on ice until used for determination of cAMP content using a plate-based ELISA kit
195
following the kit manufacturer's instruction (DetectX ® Cyclic AMP Direct Immunoassay kit, Arbor Assays,
196
Ann Arbor, Michigan USA).
198
Echocardiography
199
The volatile anesthesic isoflurane (Tec 3 vaporizer, e-Vet, Haderslev, Denmark) was used to attain a level 
204
The heart was imaged in supine animals using a 9 MHz linear probe (HL9.0/40/64D, Telemed, Vilnius, 
209
Recordings were performed before and 0, 2, 5 and 10 min after an intravenous bolus injection of 5µg kg 
255
Nikon, Shinjuku, Tokyo, Japan) and expressing them as percentage area covered.
257
Results
258
Growth is impaired and relative heart mass increased in 5 week chickens exposed to prenatal hypoxia
259
Body mass of the hatchlings differed significantly (48.4±2.0 vs. 47.2±2.2, N and H respectively. P<0.05).
260
The difference in body mass of the hatchlings was maintained and enhanced in the 5 week birds 118,551, respectively) revealed a right-shift in the normalized inhibition curve for β 1 AR, but not β 2 AR, for 272 the group treated with prenatal hypoxia (Fig. 1A and B) . The right-shift in the β 1 AR inhibition curve
273
translates into a significantly lower pIC 50 in hearts from prenatally hypoxic chickens and indicates an 274 increased protein expression of β 1 AR (Fig. 1C) .
275
Western blots for G αs showed that both the long and short isoforms are present in the brain 276 homogenate used as internal standard and control (2A top). Two splice variants of the short isoform of G αi
277
were seen in the brain homogenate, while only one of the splice variants was found in the heart ( Fig. 2A, 
278
bottom). The two splice variants of G αi detected in the internal standard were identified as G αi1 and G αi2
279
(23), but only the G αi2 was found in considerable amounts in the heart ( Fig. 2A, bottom) . When comparing
280
G-protein protein expression between control and prenatally hypoxic hearts (densitometry values
281
normalized against the internal standard), we found that G αs was increased, but not G αi (Fig. 2B) 
287
respectively) increased the cAMP content more than βAR stimulation with both Epi and Iso, but none of 288 the stimulations evoked a difference in the cAMP produced between the groups (Fig. 3) .
290
Prenatal hypoxia causes in vivo systolic contractile dysfunction in the 5 week chicken heart
291
Echocardiography showed a normal diastolic contraction (Fig. 4B ) but a larger systolic diameter in H than 292 in N (Fig. 4C ). This systolic contractile dysfunction was present already before a bolus injection of 293 isoproterenol, but was further enhanced by the selective βAR stimulation, something that is made even
294
clearer when looking at the fractional shortening (Fig. 4D) . Heart rate was increased after the 295 isoproterenol injection, but there was no difference between the N and the H group (Fig. 4E ). 317 36), but because of the overall stunted growth, the heart might not be enlarged in absolute terms. The 318 heart-to-body ratio is therefore an index that can indicate cardiac hypertrophy relative to the overall 319 growth. The stunted growth seen in the hypoxic hatchlings was maintained at 5 weeks and there was no 320 difference in heart mass in the hypoxic group compared to the control. This translated into a significantly
297
321
higher heart-to-body ratio in H, indicating cardiac hypertrophy.
322
Prenatal hypoxia programs changes in the βAR pathway
324
Our previous results show that prenatal hypoxia decreases βAR sensitivity in the 5 week chicken without 325 changes in receptor density (18). Cardiac β 2 ARs produce significant amounts of cAMP when stimulated,
326
but the cAMP increase from β 2 AR signaling does not have an impact on cardiac inotropy (20). Therefore,
327
our initial hypothesis was that a decrease in β 1 AR/β 2 AR ratio due to an increase in β 2 ARs will contribute
328
to an impaired contractile response of the heart and be the cause behind the decreased βAR sensitivity 329 observed in our previous study. This is not the case according to the present results. We confirm that
330
there is no change in total receptor density between N and H and we also show that there is an increase 331 in β 1 ARs in the chickens prenatally exposed to hypoxia, but no change in β 2 ARs. In human heart failure 332 the β 1 AR/β 2 AR ratio decreases and, because it is a ratio, this decrease could be caused by either an 333 increase in β 2 AR expression or a loss in β 1 ARs (5, 7). In humans the decreased β 1 AR/β 2 AR ratio is 334 indeed due to an actual loss of receptor numbers, mainly β 1 ARs (5, 7), while we know that the total 335 receptor density in the chicken heart is unchanged. Thus, even if the curves to specific βAR-subtype 336 blocking will not give us absolute receptor numbers, we can draw the conclusion that the change in the 337 β 1 AR/β 2 AR is increased in the prenatally hypoxic chicken because of an increase in β 1 ARs.
338
There is a debate around whether βAR desensitization is adaptive or maladaptive in heart failure 339 (4, 10). Most cases of human heart failure are associated with an increase in sympathetic activity (7, 28) 340 and in the case of βAR overstimulation, β 1 AR signaling through G αs is reported to increase apoptosis, 341 arrhythmia, cardiac remodeling and hypertrophy (11, 14, 34) , while β 2 AR signaling through G αi seems to 342 be protective and has an antiapoptotic effect (5, 27, 35) . At the same time, β 2 ARs' intrinsic ability to switch 343 from G αs signaling to G αi also inhibits cAMP production and can further impede the cardiac response to 344 βAR stimulation. Desensitization of the cardiac βAR system connected to an increase in G αi expression 345 has indeed been demonstrated in heart failure (26) and led us to hypothesize that this would also be the 346 case in the chicken. However, our result was the opposite and there was instead an increase in G αs . It is 347 known that mice overexpressing G αs (despite initially increasing cardiac contractility) develop 348 cardiomyopathy (10), so one could therefore speculate that there is a time aspect in the progress of 349 cardiomyopathy; an increase of G αs is an initial adaptation of the heart to increase contractility, but
350
prolonged stimulation increases G αs -mediated apoptosis and thus up-regulating G αi as a protective 351 measure. Following this argument, the G αs increase in our 5 week experimental group together with the 352 increase in β 1 AR/β 2 AR ratio could be a sign of early cardiac remodeling/failure and the fact that it is the
353
opposite to what is seen in human heart failure may simply be because it is in an early stage of pathology 354 progression. Additionally, the mere increase in G αs -proteins does not assure their participation in receptor
355
signaling; functional activity of the G αs is impaired in the adult rat exposed to hypoxia and is not regained
356
with normoxic recovery (15, 16) . The G αs proteins may also be in the cytosolic fraction where they are 357 unavailable for signaling (15). The functional activity of G αi in heart failure is also increased (8), which
358
would make the inhibitory effect higher despite the lack of an increase in actual protein levels. Our cAMP 359 measurements further argue that the sole increase of β 1 AR and G αs is not enough to enhance cAMP 360 production, since βAR stimulation in our study did not produce higher levels of cAMP in the hearts 361 expressing more G αs .
363
Chickens exposed to prenatal hypoxia display systolic dysfunction that is not caused by cardiac fibrosis
364
Chickens exposed to prenatal hypoxia had a larger left ventricular systolic lumen diameter as measured
365
by echocardiography. We interpret these results as a sign of contractile dysfunction of the heart. An 
393
The study of Ca 2+ handling mechanisms in the myocardium was not in the scope of this study, but our 394 results suggests that it is indeed on this level the changes lie, causing the functional changes observed in 395 5 week chicken hearts exposed to prenatal hypoxia.
396
In conclusion, exposure to prenatal hypoxia programs a change in βAR signaling and systolic 397 dysfunction in the 5 week chicken heart without affecting cAMP production. 
